Rabbits were given intracistemal injections of 6-hydroxydopamine (6-OH-DA) that caused selective ablation of central noradrenergic neurons without damaging peripheral sympathetic nerves. Administration of 6-OH-DA (600 yxg/kg, intracistemally) to normal rabbits produced a permanent bradycardia of about 30%, which was initiated centrally and mediated mainly through the vagus, and caused a brief reduction in mean arterial blood pressure, which was due to transient withdrawal of alpha-sympathetic tone. Treatment with 6-OH-DA (600 jtig/kg) completely prevented the increases in arterial blood pressure seen on the seventh and the fourteenth day after sinoaortic denervation in control rabbits, although there was a transient increase in blood pressure for 1 day after denervation in the group treated with 6-OH-DA. Central norepinephrine concentrations were reduced in all areas, especially in the spinal cord (to less than 10% of control), in the denervated rabbits treated with 6-OH-DA compared with the levels in denervated controls. When 6-OH-DA (600 /xg/kg, intracistemally) was given to rabbits with neurogenic hypertension produced by buffer nerve section, it caused an immediate and persistent return of pressure to the level that existed before denervation. Probably, the integrity of central noradrenergic neurons is necessary for the development of sustained increases in arterial blood pressure following sinoaortic denervation. We suggest that central noradrenergic nerves form an essential link in the baroreceptor reflex arc, possibly at the bulbospinal level.
noradrenergic bulbospinal neurons released from baroreceptor inhibition and that this increased activity in turn mediates the increase in arterial blood pressure (7) .
In the present study, we examined this hypothesis by using 6-hydroxydopamine (6-OH-DA) to cause a selective degeneration of central catecholainine-contairiing neurons accompanied by a depletion of tissue norepinephrine stores (8, 9) . 6-OH-DA does not readily cross the blood-brain barrier (10) , and by injecting small doses into the cisterna magna we were able to effect a selective ablation of central noradrenergic nerves without damaging peripheral noradrenergic nerves. The experiments described in this paper examined the cardiovascular effects of intracisternally administered 6-OH-DA in normal rabbits and in rabbits whose carotid sinus and aortic nerves had been sectioned.
Methods
Arterial Blood Pressure and Heart Rate.-New Zealand white male rabbits weighing 2-3 kg were fed a diet of standard pellets and given water ad libitum. In some experiments, arterial blood pressure was measured through a catheter inserted into the central ear artery after local infiltration anesthesia (lidocaine, 0.5*) of the skin of the ear (7) . In other rabbits, a catheter was inserted into the abdominal aorta through the iliolumbar branch of the iliac artery, using a medial lower abdominal incision (3, 5) . This catheter was made from 100-gauge polypropylene tubing, and the terminal 8-10 cm was pulled out to reduce the external diameter to about 1 mm. The tip of the catheter was advanced proximally until it was approximately 4 cm above the iliac bifurcation; the other end emerged on the rabbit's back. The catheter was filled with a solution containing equal parts of concentrated heparin (25,000 IU/ml) and low molecular weight dextran (6% Rheomacrodex in physiological saline). The exteriorized portion was coiled up and kept in a small bag of tough, clear plastic sewn onto the skin of the rabbit's back. These catheters were flushed at least once every 3 days and at least 1 hour before recording was begun on any particular day: the rabbits were allowed to rest quietly in a standard rabbit box during this hour. The noise level in the laboratory was kept low during all experiments, and the rabbits were not handled during recording.
Mean arterial blood pressure was recorded with a Statham P23Db strain gauge connected to a Devices M2 recording unit. Heart rate was obtained by counting from the arterial blood pressure record. All values reported represent the average of at least two, and in most cases four, determinations taken at fixed intervals on a predetermined schedule, which was identical in each set of experiments. The significance of differences between observations in different groups of rabbits at corresponding times was calculated from the means ± SE, using the Student t-test (11) . The significance of the difference between observations at different times within the same group of rabbits was calculated using analysis of variance to determine the SE of a single time interval for each parameter for each particular group of rabbits. This SE ([error mean square/N] *) was obtained after subtracting between-time intervals sums of squares and between-rabbits sums of squares from the total sums of squares (3, 11) . The significance of differences between time intervals was determined by the variance ratio and the t-test.
Section of Carotid Sinus and Aortic Nerves.-Rabbits were anesthetized with sodium pentobarbital (30-40 mg/kg, iv), and lidocaine (0.5%) was infiltrated subcutaneously in the midline of the neck. Section of the carotid sinus and the aortic nerves was carried out as has been fully described previously (7) . In sham-operated rabbits, the nerves were exposed but not cut.
lntracistemal Injection of 6-OH-DA.-6-OU-DA was dissolved in a solution of 0.9% saline containing ascorbic acid (1 ing/ml). The concentration of the solution was adjusted so that for each dose level of 6-OH-DA the injection volume remained constant at 100 yuliters. Transcutaneous injection into the cisterna magna was carried out under sodium pentobarbital anesthesia (30-40 mg/kg, iv) with a 26-gauge, 3£-inch hypodermic needle attached to a Hamilton syringe as has been described previously (7, 12) . Rabbits receiving 6-OH-DA took at least two times longer to recover from the anesthesia (2-3 hours) than did control rabbits receiving the saline-ascorbic acid vehicle alone (1 hour) .
Preliminary experiments in which rabbits were killed 4 days after the administration of 6-OH-DA (200-1,200 /^tg/kg, intracisternally) revealed that close to maximal depletion of norepinephrine stores in whole brain and whole spinal cord was achieved with 600 /ig/kg. Higher doses merely increased the frequency of unwanted side effects such as ataxia, difficulty in walking, torticollis, and spontaneous movements. With doses up to 600 //.g/kg of 6-OH-DA administered intracisternally, the rabbits appeared to move normally around their cages, and they were free from postural and motor disturbances.
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Administration of Atropine, Propranolol, and Cuanethidine.-Atropine sulfate was administered directly into the right atrium, using a fine 50-gauge polyethylene catheter inserted into the central ear vein and advanced 15 cm until its tip was in the right atrium (5) . A loading dose of 2 mg was followed by a maintenance dose of 1 mg/15 min. These high doses are necessary in the rabbit, which has a high concentration of atropinase (13) .
Propranolol was given in the same manner as was atropine in a dose of 0.3 mg/kg 15 min' 1 (3) . Efficacy of beta-receptor blockade was confirmed (in the rabbits used for the experiments shown in Fig. 3 ) by constructing dose-response curves while isoprenaline was injected rapidly into the right atrium. The reduction in diastolic pressure and the increase in heart rate were plotted against the log dose of isoprenaline, which ranged from 0.1 to 10.0 /jLg. Following the administration of propranolol, the dose-response curves were shifted markedly to the right in a parallel fashion. The dose ratio for the fall in diastolic pressure before propranolol administration to that after propranolol administration was 44:1, and for the rise in heart rate it was 68:1.
Guanethidine was administered in a dose of 12.5 mg/kg, iv, daily for 7 days (14) , and the last dose was given 2 hours before recording was commenced on the day of the experiment. The drug was administered through a catheter inserted into the right atrium through the external jugular vein during a preliminary operation under sodium pentobarbital anesthesia. Guanethidine is an adrenergic neuron blocker that acts on both alpha-and beta-sympathetic nerves, but it has no direct effects on the central stores of norepinephrine or on the secretion of catecholamines by the adrenal medulla (13) .
Dissection Procedure and Assays.-The rabbits were killed at the end of the experiments with an overdose of sodium pentobarbital given intravenously. The brain and spinal cord were immediately removed and dissected over ice as has been fully described previously (7, 12) . The brain was dissected into five parts:the medulla oblongata plus pons (medulla-pons), the cerebellum, the midbrain, the hypothalamus, and the remaining portion of the forebrain composed of the thalamus and the cerebral hemispheres (telencephalon). The spinal cord was divided into three segments: cervical, thoracolumbar, and lumbosacral. Hearts Mean aortic pressure and heart rate in six rabbits that received 600 ng/hg of 6-OH-DA intracisternally (solid circles) and in six control rabbits (open circles). The intracistemal injection is indicated by the second arrow and was carried out under anesthesia, as indicated by the first arrow (ANESTH.). Each point is the mean ± SE of six determinations. The symbols on the left of each section represent ± SE of a single time interval for each group taken as a whole and were calculated by analysis of variance as fully described in the text. and spleens were also removed in some rabbits and dissected free of surrounding fat. The tissues were immediately frozen over Dry Ice and stored at -70° C until they were weighed and assayed. Tissues were homogenized in five volumes of 0.4N perchloric acid and centrifuged at 20,000 g for 10 minutes. The supernatant fluid was poured over alumina columns at pH 8.6 (15) . The acetic acid eluates from these columns were used for estimation of endogenous norepinephrine (16) and dopamine (17) by spectrophotofluorometry.
Results
NORMAL RABBITS
Changes in Blood Pressure and Heart Rate.-Resting arterial blood pressures and heart rates were measured in 12 normal rabbits with catheters previously inserted into their abdominal aortas. Observations were taken for 2 days before and 7 days after intracisternal injections of 6-OH-DA (600 fig/kg ) or of the vehicle alone ( Fig. 1 ), and particular attention was given to the first 4 hours after injection. The arterial blood pressure of the control group remained close to the initial resting values throughout the period following injection, and the heart rate in these rabbits gradually returned to the resting values that existed before administration of the anesthesia by the end of the fourth hour ( Fig. 1 ). In the rabbits treated with 6-OH-DA, there was a significant reduction in arterial blood pressure of 18$ (P<0.01) and in heart rate of 21J ( P < 0.001) 1 hour after injection compared with initial resting levels. The bradycardia persisted unabated to the Values are means =*= BE. There were 6-8 rabbits in each group. The normal rabbits were killed 1 week after intracisternal injection of vehicle or of 6-OH-DA, and the denervated rabbits were killed 3 weeks after injection, at the end of the experiments shown in Figures 1 and 4 fourth hour; the mean reduction in heart rate between the first and the fourth hours after intracisternal administration of 6-OH-DA was 53 beats/min (23%; P<0.01) compared with initial "within-animal" control values. The fall in blood pressure in the rabbits treated with 6-OH-DA was only transient and was reversed by the third hour after injection (Fig. 1) . The long-term effects of 6-OH-DA on blood pressure and heart rate in the same rabbits are also shown in Figure 1 . The figure highlights the transient nature of the hypotension produced by intracisternally administered 6-OH-DA and the permanent nature of the reduction in the heart rate, which was 30% below normal resting values at the end of 1 week (P<0.001).
Regional norepinephrine concentrations 1 week after 600 /".g/kg of 6-OH-DA was given intracisternally are compared with levels in vehicle-injected normal rabbits in Table 1 . Endogenous norepinephrine was clearly reduced in all areas, but the greatest reductions were in the cerebellum (to 20% of control) and the spinal cord (to 18-33% of control). The concentrations of norepinephrine in the heart and spleen of the same rabbits were not reduced by the intracisternal administration of 6-OH-DA ( Table 2) .
Effects of Atropine, Propranolol, and Gxtanethidine.-Intravenous administration of atropine did not significantly modify the changes in arterial blood pressure seen after intracisternal administration of 6-OH-DA (600 /ig/kg), but it completely prevented the bradycardia caused by 6-OH-DA in unatropinized rabbits during the first 4 hours after injection (Fig. 2, left) and reversed the bradycardia when given 7 days later (Fig. 2,  right) .
Following the intravenous administration of propranolol, 6-OH-DA (600 /Lig/kg, intracisternally) caused a transient reduction in arterial blood pressure, which was similar to that seen in unblocked rabbits although it appeared to be slightly accentuated ( Fig. 3 , left). Intracisternally administered 6-OH-DA in these rabbits caused the heart rate to fall to values similar to those observed in unblocked rabbits ( Fig. 3 , left). However, when the heart rates observed after 6-OH-DA administration in this group are compared with the initially low control values after beta-receptor blockade, it is clear that the magnitude of the bradycardia was less than it was in the rabbits that did not receive propranolol. The mean reduction in heart rate between the first and the fourth hours after 6-OH-DA administration was 33 beats/min (16%; P<0.05) compared with the control values in unanesthetized rabbits with beta-receptor blockade. When atropine was administered intravenously in addition to propranolol at the end of the first 4 hours after injection, the heart rate immediately returned towards the initial control levels ( Fig. 3, left) .
Resting ear artery pressure and heart rate lower in four rabbits treated with were Values are means =*= 8E and were obtained from subgroups of the rabbits in Table 1 . The number of rabbits is given in parentheses. None of the differences shown were statistically significant at the 5% level of confidence. Figure 1 . Arrows and symbols are the same as in Figure 1 ; the symbols at the right edge of the figure represent ± SE of a single time interval for the values obtained on the seventh day, and these SE were calculated by analysis of variance as before.
guanethidine than they were in control rabbits ( Fig. 3 , right). 6-OH-DA (600 /xg/kg, intracisternally) did not cause any significant change in arterial blood pressure in these rabbits. Guanethidine did not significantly modify the bradycardia produced by 6-OH-DA ( Fig. 3, right) . The mean reduction in heart rate between the first and the fourth hours after intracistemal injection was 39 beats/minute (20*; P<0.05) compared with within-animal control values for unanesthetized rabbits. When the rabbits were atropinized 4 hours after injection of 6-OH-DA, the bradycardia was immediately reversed (P < 0. 001).
DENERVATED RABBITS
Effects of Sinoaortic Denervation after Treatment with 6-OH-DA.-The carotid sinus and the aortic nerves were sectioned in three groups of rabbits 5 days after intracistemal injections of 6-OH-DA (600 /ig/kg), 6-OH-DA (400 ^tg/kg), or vehicle alone, respectively. In the control rabbits, mean ear artery pressure increased 32% (P < 0.01) and heart rate 19% (P<0.001) 2 weeks after denervation ( Fig. 4 ). In the two groups of rabbits treated with 6-OH-DA, mean arterial blood pressure did not increase at all 2 weeks after buffer nerve section compared with levels before denervation (Fig. 4 ). However, 2 weeks after sinoaortic denervation, there were Mean ear artery pressure and heart rate in four rabbits that received propranolol intravenously (left) as indicated by the horizontal bar at the bottom labeled BETA BLOCK and in four rabbits that were treated with intravenously administered guanethidine daily for 1 week prior to injection of 6-OH-DA (600 ng/kg, intracisternaUy) (right). The rabbits also received atropine intravenously starting 4 hours after the injection of 6-OH-DA, as indicated by the small horizontal bars labeled ATROP. Arrows, symbols, and shading are the same as in Figure 2 .
typical increases in heart rate in the group given 400 /xg/kg of 6-OH-DA (P < 0.001) and in the group given 600 fig/' kg (P<0.05) despite the bradycardia produced by 6-OH-DA before denervation (Fig. 1) . The endogenous norepinephrine concentrations in the central nervous system 3 weeks after the intracistemal injections in these three groups of rabbits are shown in Table 1 . In both groups receiving 6-OH-DA norepinephrine was depleted to less than 50? of control values in all regions and to less than 10% in the spinal cord. The residual norepinephrine concentration in rabbits killed 3 weeks after administration of 600 fig/kg of 6-OH-DA (denervated rabbits, Table 1 ) was considerably less (15-30* of control) than that in rabbits killed 1 week after administration of the same dose (normal rabbits, Table 1 ). Dopamine concentrations were also reduced in the telencephalons of the two groups of rabbits treated with 6-OH-DA (Table 1) .
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Previous studies have established that sinoaortic denervation per se does not alter the concentration of norepinephrine or of dopamine in these eight areas of the central nervous system (7) .
There were no statistically significant differences in the norepinephrine concentrations or in the weights of the hearts and spleens of these three groups of rabbits (Table 2) .
Time Course of Effects of Sinoaortic Denervation after Treatment with 6-OH-DA.-The time course of the changes in blood pressure and heart rate was studied in four groups of rabbits with catheters chronically implanted in the abdominal aorta. One group of six control rabbits was subjected to sinoaortic denervation 5 days after intracistemal injection of vehicle ( Fig. 5 , left, solid circles): arterial blood pressure and heart rate were increased 1 day after denervation and remained elevated on the second, seventh, and fourteenth days. A second group of five Mean ear artery pressure and heart rate in six control rabbits that received intracisternal injections of vehicle (open circles), seven rabbits that received 400 ng/kg of 6-OH-DA intra-cisternaUy (half-open, half-solid circles), and eight rabbits that received 600 ng/kg of 6-OH-DA (solid circles). Sinoaortic denervation is indicated by the arrow. Symbols are the same as in Figure 1 .
control rabbits received a full dose of 600 Atg/kg of 6-OH-DA intracisternally, and 5 days later they had a sham operation on the neck instead of being denervated ( Fig. 5 , left, open circles). Neither the arterial blood pressure nor the heart rate was significantly affected by the sham operation. The initial bradycardia produced by treatment with 6-OH-DA persisted to the fourteenth postoperative day, and the arterial blood pressure was well maintained throughout. A third group of four test rabbits received the full dose of 600 /ig/kg of 6-OH-DA intracisternally, which produced the expected bradycardia ( Fig. 5, right, solid circles) . Section of the buffer nerves was carried out 5 days later. On the first day after denervation, arterial blood pressure (P < 0.02) and heart rate (P < 0.001) were significantly elevated to absolute values similar to those recorded in the denervated control group. The heart rate remained elevated on the second, seventh, and fourteenth postoperative days in this test group. On the other hand, the increase in arterial blood pressure abated on the second day and disappeared completely on the seventh and fourteenth days after sinoaortic denervation (Fig. 5, right) .
The fourth group consisted of six test rabbits that received a smaller dose of 6-OH-DA (200 /u.g/kg, intracisternally) to study the effects of less extensive destruction of central noradrenergic neurons on the responses to sinoaortic denervation ( Fig. 5 , right, open circles). This dose of 6-OH-DA did not lower the resting heart rate. The carotid sinus and the aortic nerves were cut 5 days after the intracisternal injection, and denervation produced increases in arterial blood pressure and heart rate which persisted throughout the 2week observation period and which were similar in magnitude to those seen in the denervated control group (Fig. 5 ). The reduction in endogenous norepinephrine 3 weeks after the full dose of 600 j^g/kg of 6-OH-DA in the denervated test group (Fig. 6 ) was similar to that seen following administration of the same doses in the first series of experiments (Table 1) ; it was again particularly pronounced in the spinal cord (Fig. 6 ). The depletion of central nervous system norepinephrine 3 weeks after administration of 200 /ig/kg of 6-OH-DA was much less pronounced. Residual norepinephrine concentrations were greater by about 15-30% of control in all areas of the central nervous system of this group of rabbits compared with those in the test group treated with 600 /ug/kg (Fig. 6) . This difference was especially Circulation Research, Vol. XXXI, November 1972 noticeable in the three areas of the spinal cord where residual endogenous norepinephrine concentrations were 5-10 times greater in the group receiving the lower dose (25-41% of control) compared with the values in the group receiving the higher dose (3-8% of control). The dopamine concentration in the telencephalon of rabbits receiving 200 ^tg/kg of 6-OH-DA (303 ±14 ng/g) was not significantly lowered compared with the concentration in the denervated control rabbits (335 ± 22 ng/g).
Effects of 6-OH-DA in Rabbits with Neurogenic Hypertension Produced by Sinoaortic
Denervation.-Mean aortic pressure increased 25% (P<0.001) and heart rate 27% ( P < 0 . 001) 1 day after section of the buffer nerves ( Fig. 7) . Pressure and heart rate remained elevated on the third day after denervation (Fig. 7) . On the fourth day, 6-OH-DA (600 Regional norepinephrine concentrations in the central nervous system of the six vehicleinjected control rabbits (top) shown in Figure 5 and in the two 6-OH-DA-injected test groups (bottom) shown in Figure 5 . The values obtained in the 6-OH-DA-treated rabbits are expressed as a percent of the norepinephrine concentration observed in the corresponding region of the control group. For the control rabbits, the values are means ± SE. For the test rabbits, the symbol above each column represents 1 ss.
was injected into the cisterna magna. The following day, pressure and heart rate had fallen back to the control levels that existed before denervation and remained in this range for 2 weeks (Fig. 7) . On the fourteenth day after 6-OH-DA administration, the rabbits were given atropine intravenously. This drug caused the heart rate to rise from 207 ± 1 3 beats/min to 273 ± 16 beats/min (P<0.02).
Central Nervous System Norepinephrine Levels 1 and 3 Weeks after 6-OH-DA
Administration.-The residual norepinephrine concentrations in the central nervous system 3 weeks after administration of 600 /^g/kg of 6-OH-DA intracisternally (denervated rabbits, Table 1 , and Fig. 6 ) were considerably smaller than those observed in rabbits killed 1 week after the same dose of 6-OH-DA (normal rabbits, Table 1 ). Since this finding might have accounted for the transient increase in arterial blood pressure 1 day after sinoaortic denervation in the test group treated with 600 fig/kg of 6-OH-DA (Fig. 5) , the observation was investigated under controlled conditions in a separate experiment.
Two groups of rabbits received 6-OH-DA (600 yu-g/kg, intracisternally) and a third group received vehicle alone intracisternally. One 6-OH-DA-treated group was killed at 3 weeks; the other 6-OH-DA-treated group and the control group were killed at 1 week. Norepinephrine concentrations in whole brains and whole spinal cords of these three groups Mean aortic pressure and heart rate in four rabbits which were subjected to sinoaortic denervation (first arrow) followed 4 days later by intracistemal injection of 6-OH-DA, 600 fig/kg, intraclsternally (second arrow) . Symbols are the same as in Figure 1 .
were determined in a single batch of assays and are shown in Table 3 . The depletion of norepinephrine in both brain and cord was greater by more than 20% of control in the rabbits killed 3 weeks after the injection of 6-OH-DA than it was in those killed 1 week after injection of the same dose.
Discussion
These experiments demonstrate that central noradrenergic neurons participate in cardio-vascular control in normal animals. They also show that the integrity ot a critical proportion of central noradrenergic neurons is essential for the development of sustained increases in blood pressure following section of the carotid sinus and the aortic nerves. The results are consistent with the hypothesis that an increase in the physiological activity of bulbospinal noradrenergic neurons after buffer nerve section contributes to the development of neurogenic hypertension (7) . They are also Values are means =*= SE. The number of rabbits is given in parentheses. All rabbits received intracistemal injections on the same day from the same batch of vehicle (controls) or of vehicle plus 6-OH-DA.
Endogenous Norepinephrine Concentrations 1 and 3 Weeks after 6-OH-DA (600 iig/kg) Administration
Whole brain Whole spinal cord
'Significantly different from corresponding control group, P < 0.01. tSignificantly different from 6-OH-DA (1 week) group, P < 0.01. Significantly different from corresponding control group, P < 0.05. consistent with the suggestion that these neurons form an essential component in the baroreceptor reflex arc.
DEPLETION OF NOREPINEPHRINE STORES
The degree of depletion of norepinephrine stores varies in different regions of the brain following administration of 6-OH-DA into the cerebrospinal fluid (18-21 and Table 1 ). In our experiments, the reduction in brain norepinephrine concentration was most marked in the cerebellum and the spinal cord, regions in which norepinephrine is contained mainly within the nerve endings of noradrenergic neurons (18, 22, 23) .
The residual central norepinephrine concentrations were 20% higher 1 week after 6-OH-DA administration than they were 3 weeks after treatment (Table 3) . Possibly, a significant proportion of central noradrenergic neurons which are still functional at 1 week subsequently degenerate and are dead at 3 weeks (18, 20) . This occurrence could explain the transient increases in arterial blood pressure seen 1 day after sinoaortic denervations in rabbits treated with 6-OH-DA (600 /ig/kg, intracisternally) in the time-course experiment (Fig. 5) .
IntracisternaUy administered 6-OH-DA did not cause any reductions in cardiac or splenic norepinephrine content in normal rabbits at 1 week or in rabbits with buffer nerve sections at 3 weeks ( Table 2 ). The advantage of 6-OH-DA is that with a single intracisternal injection in the dose range used in these experiments it produces a long-lasting and selective degeneration of central catecholamine-containing neurons without impairing the integrity of peripheral sympathetic nerves.
CHANGES IN BLOOD PRESSURE
The prevention of persistent neurogenic hypertension in rabbits treated with large doses of 6-OH-DA before denervation (600 or 400 /ig/kg, intracisternaUy, Figs. 4 and 5) and the long-lasting reversal of established hypertension by administration of 6-OH-DA (600 /xg/kg, intracisternally, Fig. 7) probably result from degeneration of central noradrenergic nerves mediating baroreceptor reflexes. Be-cause of the long-lasting nature of these effects, they probably are not produced by a direct effect of 6-OH-DA on central postsynaptic alpha receptors (24) or by a "falsetransmitter" action of 6-OH-DA (8) causing release of norepinephrine from central neurons.
On the other hand, the transient fall in blood pressure seen in normal rabbits given 6-OH-DA (600 y^g/kg, intracisternally) is more difficult to interpret and could result from any of these three mechanisms. A similar transient fall in body temperature of up to 4.5 °C for 4-5 hours has been reported in rats treated with 6-OH-DA injected into the cerebrospinal fluid and has been attributed to degeneration of central catecholamine-containing neurons (25) . The transient reduction in arterial blood pressure after 6-OH-DA administration in normal rabbits in the present experiments was not significantly modified by atropine or propranolol but was prevented by treatment with guanethidine before the injection of 6-OH-DA ( Figs. 1-3 ). Most likely, the reduction in pressure results from withdrawal of alphasympathetic vasoconstrictor nerve activity; moreover this effect is probably initiated centrally.
The reduction in arterial blood pressure produced by intracisternally administered 6-OH-DA in hypertensive rabbits was permanent ( Fig. 7) , whereas in normal rabbits it was only transient and coincided with the period immediately following administration of anesthesia (Fig. 1) . The increased levels of sympathetic activity in the denervated preparation (3, 4, 7) could make it more susceptible to withdrawal of alpha-sympathetic vasoconstrictor tone. The transient fall in the normal rabbit given 6-OH-DA ( Fig. 1) could have a similar basis, since sodium pentobarbital anesthesia increases sympathetic vasoconstrictor tone in the rabbit (5) .
In the rabbits treated with 200 ^ig/kg of 6-OH-DA, residual norepinephrine stores in the spinal cord were about 5-10 times greater (25-41%, Fig. 6 ) than those in the rabbits treated with 600 fjLg/Vg (3-8%, Fig. 6 ) and those in the rabbits treated with 400 /xg/kg Circulation Research, Vol. XXXI, Nortmbtr 1972 CENTRAL NOREPINEPHRINE AND BARORECEPTORS 801 (7-10*. Table 1 ). The fact that sinoaortic denervation produced sustained hypertension in the rabbits treated with 200 /xg/kg of 6-OH-DA may be of general importance in assessing the degree of damage that a central noradrenergic tract will tolerate before its function is materially impaired.
We believe that the inability of rabbits to develop sustained increases in arterial blood pressure following intracistemal administration of the larger doses of 6-OH-DA is primarily due to degeneration of descending bulbospinal noradrenergic neurons participating in the baroreceptor reflex arc and terminating in the thoracolumbar segments of the spinal cord. The anatomical disposition of these descending noradrenergic fibers (22) is very similar to that of the bulbospinal neurons known to mediate cardiovascular parameters (2, 26, 27) , and previous studies have shown that 2 weeks after sinoaortic denervation there is a selective increase in the physiological activity of noradrenergic nerves terminating in this region of the spinal cord (7) . In addition, the depletion of endogenous stores of norepinephrine was most profound in the spinal cord (Table 1 and On the other hand, the degeneration of noradrenergic nerves produced by 6-OH-DA is wide-spread within the central nervous system (Table 1 ) and affects neurons in areas such as the hypothalamus, which could possibly have contributed to the altered responses to sinoaortic denervation.
CHANGES IN HEART RATE
The bradycardia produced by intracistemally administered 6-OH-DA in normal rabbits such a long-lasting change. The bradycardia was completely prevented and reversed by the administration of atropine (Figs. 2 and 3) . It was not significantly affected by treatment with guanethidine, although it was slightly reduced by prior adminstration of propranolol ( Fig. 3) . Therefore, the bradycardia produced by intracistemally administered 6-OH-DA is probably mediated mainly through an increase in vagal activity resulting from the destruction of central noradrenergic tracts that normally inhibit the vagus. Intravenously administered propranolol reduced the magnitude of the bradycardia in normal rabbits ( Fig. 3 ), suggesting that the bradycardia might also be due in part to unmasking of normal levels of vagal activity as a result of decreased cardiac sympathetic drive. Such a decrease in cardiac sympathetic activity could result from destruction of bulbospinal noradrenergic nerves following the intracistemal injection of 6-OH-DA.
The changes in heart rate in the rabbits with sectioned carotid sinus and aortic nerves are probably best explained by noting that the efferent components of the vagus are intact and able to respond to changes in the activity of nerve tracts synapsing with vagal nuclei at the bulbar level. Thus, it seems likely that the tachycardia following denervation in rabbits treated with 6-OH-DA (600 fig/kg, intracisternally, Figs. 4 and 5) is predominantly due to withdrawal of cardiac vagal activity following the removal of an input (baroreceptor afferents) that normally excites the vagus. The reversal of the tachycardia in rabbits given 6-OH-DA after the development of established neurogenic hypertension (Fig. 7 ) may again be explained by ablation of cental noradrenergic neurons that normally inhibit the vagus. This suggestion is supported by the fact that intravenously administered atropine given at the end of the experiments shown in Figure 7 caused the heart rate to return to high values typical of those following denervation.
ACTIVITY OF CENTRAL NORADRENERGIC NEURONS IN HYPERTENSIVE MODELS
The changes in the metabolism of norepinephrine in the central nervous system vary a great deal both quantitatively and qualitatively in hypertensive models such as the spontaneously hypertensive rat (28) (29) (30) , the genetically hypertensive rat (31) , the rat made hypertensive by administration of DOCA and salt after encapsulation of one kidney (32) , and the rabbit with neurogenic hypertension (7 and present study). It is unlikely that a single mechanism underlies the varied changes in different areas of the central nervous system in the different forms of hypertension. The particular advantage of the model used in the present study is that the central and peripheral nervous mechanisms causing the increase in pressure after sinoaortic denervation have been relatively well defined (1) (2) (3) (4) (5) (6) 27) . This knowledge provides a firmer basis for interpretation of changes in central norepinephrine metabolism and may even help to understand the changes found in other models. For instance, it has been suggested that decreases in the activity of central noradrenergic neurons in the spontaneously hypertensive rat (28, 29) and in rats made hypertensive by giving DOCA plus salt after unilateral renal encapsulation (32) are consonant with an inhibitory action of norepinephrine at central synapses and play a primary role in producing the increase in blood pressure. It is equally possible that these changes are secondary to the increases in blood pressure and reflect the attempts of arterial baroreceptors to reduce the elevated blood pressure.
In rabbits with neurogenic hypertension, the increase in activity of bulbospinal noradrenergic nerves (7) parallels the increase in activity that occurs in peripheral sympathetic motor nerves (3, 4) , and ablation of central noradrenergic neurons by 6-OH-DA prevents the increase in pressure. Although this finding might suggest that norepinephrine is acting as a facilitatory transmitter in these bulbospinal nerves, it is also possible that norepinephrine is released by descending inhibitory neurons that synapse with inhibitory interneurons which ultimately synapse with the sympathetic preganglionic cells in the lateral horn. There is no good reason why norepinephrine acting as a central neurotransmitter should be uniformly inhibitory or facilitatory in any particular region or in any particular control system within the central nervous system. Norepinephrine applied electrophoretically to central neurons has been reported to evoke both facilitatory and inhibitory responses (33) . In the peripheral sympathoadrenal system, it is accepted that norepinephrine may have either excitatory or inhibitory effects within both the alpha system (excitatory to vascular smooth muscle, inhibitory to smooth muscle of gut) and the beta system (excitatory to cardiac muscle, inhibitory to bronchial muscle) (34, 35) . It seems reasonable to expect that noradrenergic neurons participating in the more complex central connections of the autonomic nervous system should exhibit a similar range of variation.
